Superhigh strains of 15% for the Ni 53 Mn 25 Ga 22 and 13.5% for the Ni 54 Mn 23 Ga 23 with the nonmodulated martensite structure were achieved by variant reorientation. A strong magnetic anisotropy exists in the prefabricated single variant with the easy axis along the contraction ͓001͔ direction of the high-temperature cubic phase. A higher austenitic transformation temperature was found in the single variant comparing with the original multivariant sample. The same order of magnitude for the saturation magnetization M s , magnetic anisotropy constant k u , and the twin reorientation stress tw , namely, 57.6 A m 2 /kg, 12,13 The five-layered ͑5M͒, the seven-layered ͑7M͒, and the nonmodulated martensites (T) have been found in the off-stoichiometric NiMnGa alloys with different compositions.
with the nonmodulated martensite structure were achieved by variant reorientation. A strong magnetic anisotropy exists in the prefabricated single variant with the easy axis along the contraction ͓001͔ direction of the high-temperature cubic phase. A higher austenitic transformation temperature was found in the single variant comparing with the original multivariant sample. The same order of magnitude for the saturation magnetization M s , magnetic anisotropy constant k u , and the twin reorientation stress tw , namely, 57.6 A m 2 /kg, 1.4ϫ10 5 J/m 3 , and approximately 20 MPa, respectively, as those in 5M martensite indicate that it is reasonable to expect a much higher magnetic field-induced-strain in the nonmodulated NiMnGa alloys. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1512948͔ Ferromagnetic Heusler alloy Ni 2 MnGa has received considerable attention as a candidate of actuator materials. This alloy exhibits shape memory effect associating with the martensitic transformation, 1 super-elasticity, 2 and magnetic field induced strain ͑MFIS͒. [3] [4] [5] [6] [7] The complex martensite structures strongly depend on the compositions, [8] [9] [10] [11] the thermal and the stress state. 12, 13 The five-layered ͑5M͒, the seven-layered ͑7M͒, and the nonmodulated martensites (T) have been found in the off-stoichiometric NiMnGa alloys with different compositions. 11 As suggested by Ullakko et al., 3 the MFIS results from the martensite variants reorientation by an applied magnetic field. The giant MFIS of 6% in 5M and of 9.5% in 7M have been achieved, 6, 7 which are near the maximum values estimated by the crystal parameters of the martensites (1-c/a) of about 6.5% for 5M and 10.5% for 7M. The crystal parameters (1-c/a) of the nonmodulated martensite are around 15%. A much higher MFIS is pursued in the nonmodulated NiMnGa alloys for actuator applications. The mechanical strain tests and MFIS measurements confirm both in 5M and 7M that the mechanical strain by the variant reorientation can reflect the potential of the MFIS. 6, 7 In this letter, the mechanical strains of 15% for Ni 53 2 MnGa, to get the martensitic transformation temperatures higher than the room temperature and exhibit the ferromagnetic state for the martensites. High purity nickel, manganese, and gallium were arc melted three times into buttons and then drop cast into the chilled copper mold to obtain the master rods with the diameter of 7.2 mm and the length of 110 mm. The master rods were used to prepare single crystals by zone-melting unidirectional solidification in XLL 500 furnace with the pulling rate of 10 mm/h. The furnace chamber was first pumped to a pressure of 2 ϫ10 Ϫ3 Pa, followed by backfilling with high purity argon gas to 0.5ϫ10 5 Pa. High quality single crystals were fabricated with the martensitic transformation temperature variation less than 3°C along the whole rod axis. The preferred crystal growth orientation was identified to be ͓001͔ along the rod axis by Laue backscatter diffraction analysis.
The phase structure was identified at room temperature by a Regaku D/Max 2200 PC x-ray diffractometer with Cu K␣ radiation. The phase transformation temperatures of the alloys were determined by the differential scanning calorimetry ͑DSC͒ ͑Netzsch STA 449 and Perkin-Elmer DSC-7͒ at the cooling and heating rates of 10°C/min. The magnetic transition temperatures were measured by the modified thermogravimetry ͑TG͒ in the Netzsch STA 449 with a couple of small NdFeB magnets below the balance outside the chamber that monitors the changes of the sample's nominal weight near the magnetic transitions, which reflects the variations of the magnetic force. The TG tests were simultaneously preformed with the DSC measurements in the Netzsch STA 449. Magnetic properties were measured by a LDJ9600 vibrating sample magnetometer. The mechanical property measurements were carried out on the MTS 880 materials testing system with the deformation rate of 0.025 mm/min. Powder x-ray diffraction patterns, as shown in Fig. 1 The single crystal samples were cut by a spark cutting machine with the dimensions of 4ϫ4ϫ5 mm 3 . The faces of the single crystal samples were parallel to the ͓100͔, ͓010͔, and ͓001͔ directions of the high-temperature cubic phase with the long axis along ͓001͔. The samples were first pressed in the ͓001͔ direction. From the stress-strain curves of the initial single crystals, three stages clearly appeared before the load was removed. The three stages are associated with the elastic deformation of the multivariants, variants rearrangement, and the elastic strain of the single variant in sequence. When the third stage is reached, the applied load is removed, showing the formation of a single variant in the single crystal. Single variants were attained in this way in Ni 53 Mn 25 Ga 22 and Ni 54 Mn 23 Ga 23 , respectively. A little more deformation was applied after the single variant formed to retain the single-variant state after unloading. The single variants were confirmed by the unloading stress-strain curve and the optical microstructure observation. The optical microstructure of the single-variants is similar to that reported previously in 5M and 7M martensites. 6, 7, 14 Figure 2 shows the magnetization loop of the Ni 54 Mn 23 Ga 23 single-variant along ͓001͔ and ͓010͔ directions of the high-temperature cubic phase. A strong magnetic anisotropy exists in the single variant. The easy magnetization is observed along the contraction ͓001͔ direction, while the hard magnetization along the extension ͓010͔ direction. The dimension of the sample along ͓100͔ direction almost kept unchanged after the compression deformation. The saturation magnetization of 57. 6 23 . The smooth curves suggest that no stress-induced intermartensitic transformations occurred during the deformation, which is different from those in 5M martensite of the NiMnGa alloy, where intermartensitic transformations occurred from 5M to 7M, and then to T with the compression axis along ͓011͔ of the high-temperature phase. 12 This behavior is similar to that observed in 7M martensite, 7 where no intermartensitic transformation happened and only martensitic variant reorientation performed with the compression deformation. After deformation, the same nonmodulated martensite structure was con- firmed by x-ray diffraction measurement. The twin reorientation stress tw here is approximately 20 MPa for the Ni 53 Mn 25 Ga 22 and the Ni 54 Mn 23 Ga 23 , which is consistent with the earlier report on the twin stress in 5M along ͓001͔ at 208 K. 15 The huge variant orientation strains, accompanying with the same order of magnitude for the saturation magnetization, magnetic anisotropy constant, and the twins reorientation stress indicate that it is reasonable to expect a much more large MFIS in the nonmodulated NiMnGa alloys.
DSC and TG measurements were carried out simultaneously in the Ni 53 Mn 25 Ga 22 and Ni 54 Mn 23 Ga 23 singlevariant samples by two thermal cycles. Figure 4 shows the DSC and TG curves for Ni 54 Mn 23 Ga 23 . Only one endothermic peak appears during the heating, which is related to the phase transformation from martensite to austenite. No peak associated with an intermartensitic transformation was monitored on the first heating DSC curve. It is found that the austenitic transformation peak temperature (Ap) on the first heating DSC curve is 5°C higher than that on the second for the single-variant sample. Here, the austenitic transformation temperatures A s and A f of the sample on the second heating run are the same as those of the original multivariant sample without deformation. The two exothermal peaks on the cooling DSC curves overlap very well for the single-variant sample, and match with those for the original multivariant sample. TG measurement reflects the magnetic transition temperature. The magnetic transitions coincide with the phase transformations during both of the thermal cycles. The co-occurrence of magnetic and structural transitions in the polycrystalline Ni 53 Mn 25 Ga 22 was reported in our previous letter. 16 The same phenomenon is met in the experimental single crystals. It is interesting to note that the austenitic transformation start temperature on the first heating curve shifts to a higher temperature in the single-variant sample, accordingly, the magnetic transformation temperature also move to a higher temperature. The co-occurrence of the structural and magnetic transition occurs even in the singlevariant sample. It is believed that the martensite possesses a higher Curie temperature compared to the austenite in the present alloys. The ferromagnetic state of martensite breaks down due to the austenitic transformation from ferromagnetic martensite to paramagnetic austenite in the original multivariant sample. The single variant exhibits a higher austenitic transformation temperature, and accordingly, its magnetic transition is put off to a higher temperature, up to the austenitic transformation start temperature.
The original single crystal without deformation possesses multivariants at room temperature duo to the accommodation to minimize the system free energy. When the multivariant sample was pressed along ͓001͔ direction, a single variant formed, which releases the elastic energy located at the twin boundaries, leading to the stabilization of the martensite. On the first heating, the single variant needs more energy to transform from martensite to austenite, resulting in the delay of the austenitic transformation to a higher temperature to gain an extra energy to skip the energy barrier during the austenitic transformation. While, as it is cooled from the high-temperature austenite state, multivariants form again, which determines the recovery of the austenitic transformation temperatures to those of the original multivariant sample on the second heating run, and the overlap of the exothermal peaks on both the two cooling runs is attributed to the similar microstructures of the multivariants formed during the first and the second cooling processes. 
